We consider the possibility that the ultra-high-energy cosmic ray flux has a small component of exotic particles which create showers much deeper in the atmosphere than ordinary hadronic primaries. It is shown that applying the conventional AGASA/HiRes/Auger data analysis procedures to such exotic events results in large systematic biases in the energy spectrum measurement which may distort the shape of the measured spectrum near the expected Greisen-Zatsepin-Kuzmin (GZK) cutoff energy. Sub-GZK exotic showers may be mis-reconstructed with much higher energies and mimic super-GZK events. Alternatively, super-GZK exotic showers may elude detection by conventional fluorescence analysis techniques. PACS numbers: 95.55.Vj;96.50.sb;98.70.Sa 
INTRODUCTION
The measurement by the AGASA ground array [1] of an unabated ultra-high-energy cosmic ray (UHECR) flux beyond the Greisen-Zatsepin-Kuzmin (GZK) energy of ¢ ¡ ¤ £ ¦ ¥ § © eV [2] [3] has provoked much speculation in the particle astrophysics community. Meanwhile, the HiRes fluorescence experiment has reported evidence of the expected GZK suppression [4] [5] . Explanations of the AGASA super-GZK events have mainly focused on mechanisms by which the energetic particles may evade interaction with the CMB. If the UHECRs are ordinary hadronic particles, then their sources must be very close, within 100 Mpc. No local astrophysical sources have been compellingly identified, though interesting possibilities do exist [6] . In some models, local decays of heavy cosmological relic particles create the UHECR flux. In this case, the flux of conventional particles is usually expected to be dominated by energetic photons from d ecay. These types of models are starting to become constrained by limits on the photon fraction of the UHECR flux [7] [8] [9] [10].
Alternatively if the UHECRs originate very far away, then in order to propagate, their interactions with the CMB must be greatly suppressed. If, for example, Lorentz invariance is violated for particles with large boosts relative to our local cosmological rest frame, then the thresholds for the various interactions and hence the GZK feature can be shifted towards higher energies [11] [12] [13] [14] [15] [16] . Other conventional particles with small interaction cross-sections include neutrinos and axions. Neutrinos could induce hadronic air showers if their hadronic interaction cross-sections were greatly enhanced due to new physics at the TeV scale [17] [18] [19] [20] .
Axion-like particles could propagate large distances before converting locally to photons which then shower in the atmosphere [21] . Of course, one can always postulate the existence of a new species of particle with interaction processes tuned to solve the propagation problem and to still make detectable air showers. For example, the GZK energy threshold for a heavy particle of mass is increased by a factor of ! " $ # & % ( ' 0 ) 1 ' 0 2
. To create detectable air showers which can mimic ordinary hadronic events at moderate zenith angles, the cross-section would need to be in the range 10-1000 mb. Specific models for such "UHEcrons" were analyzed in [22] [23] [24] [25]. Some recent experimental limits from CDMS and Edelweiss data on heavy particle fluxes were reported in [26] . Also, searches for neutrino showers at large zenith angles place limits on the flux of very deeply penetrating particles with cross-sections much smaller than we are considering 2 in this work [27] [28] .
Regardless of the mechanism by which the super-GZK cosmic rays evade interaction with the CMB, the properties of the air showers produced at the Earth may be quite model-dependent.
However, all current experiments analyze their air shower data with the assumption that the primary particles are ordinary hadrons. There is no guarantee that analyzing exotic events in this way would yield sensible results. For example, exotic events which look very different from conventional air showers could be rejected by event selection criteria designed to select precisely those events which look like ordinary air showers and not like noise. In some cases, the data from an exotic shower could be mis-reconstructed to look somewhat like a ordinary hadronic shower. In this case, even though the event would pass the event selection cuts, the reconstructed quantities such as the energy and arrival direction would very likely not be reliable. In the next three sections, we will discuss how exotic events would be treated by the detectors and the data analysis techniques of the AGASA, HiRes, and Auger experiments. We will focus specifically on the case where exotic cosmic rays with small cross-sections
produce deeply-penetrating air showers at moderate zenith angles.
DEEP SHOWERS AS VIEWED BY AGASA
AGASA is a surface detector array of scintillators which measure the air shower particle flux at 900 m above sea level, the equivalent of 920 g/cm ¡ of vertical atmospheric depth. Hadronic showers typically reach their maximum particle flux at a depth of
, at which ionization loss and charged pion decay curtail the further growth of the shower. The value of ¢ © £ ¦ ¥ § is determined by both the hadronic interaction length and interaction dynamics of the primary cosmic ray, and the interaction/radiation lengths of the daughter particles produced in the shower. For hadronic primaries, it is expected that the energy of the primary is efficiently transported to the electromagnetic portion of the shower, which then develops in a predictable "universal" manner, independent of the initial source of the energy [29] . This is the principle upon which calorimetric measurements of the air showers via the electromagnetic particle flux is based. Whereas a fluorescence telescope like HiRes images the longitudinal development of the electromagnetic shower, a surface detector array like AGASA samples the flux as it hits the ground and then estimates the total energy based on the magnitude of the intercepted flux. 
fluctuations, measuring or estimating the total particle flux at ground would give quite poor energy resolution. Instead, the estimated particle flux
at some finite transverse core distance § is found to be much better correlated with the shower energy [30] . If a shower happens to be closer to the ground, then the total ground flux increases but not all of the increased flux has enough time to transversely migrate to the detection position § before hitting the ground. Similarly, if a shower is positioned further from the ground, the overall ground flux is decreased but more of that flux can reach large distances from the core. The AGASA array is designed with a detector spacing of 1 km in order to optimize the reconstruction of the flux at § 600 m core distance, and
is the parameter they estimate from their data in order to obtain the energy measurement.
In Figure 1 (left) we plot the simulated electromagnetic particle flux 
EXOTIC PARTICLES AS VIEWED BY HIRES
The HiRes1 and HiRes2 monocular fluorescence data show evidence of a suppression of the cosmic ray spectrum at GZK energies. However, as we shall discuss below, the analysis procedures for each detector may bias the event selection towards ordinary hadronic primaries. If the event selection criteria efficiently remove the small fraction of exotic events, then their evidence for a GZK suppression correctly implies that there is no new physics in the interactions of protons and ordinary nuclei with the cosmic microwave background. In particular, there would be no need to invoke exotic models such as Lorentz violation in order to suppress the GZK interactions. The small discrepancy between the AGASA spectrum and the HiRes spectra could then be viewed as an indication of new non-GZK physics. We can consider two possibilities. First, the AGASA events really have super-GZK energies but are rejected by the HiRes event selection. Second, the AGASA events are really mismeasured sub-GZK events which may or may not be rejected or mismeasured by the HiRes analysis procedures. Even if they do make it into the HiRes spectrum sample, since they comprise a small flux of sub-GZK exotic cosmic rays, it is likely that they would be hidden beneath the much larger flux of ordinary cosmic rays.
As a cosmic ray shower traverses the sky, the large flux of charged particles simultaneously deposits ionization energy in the atmosphere, and excites nitrogen molecules which then emit ul- 
The bulk of the HiRes data come from the HiRes1 detector which has a field of view of 14'
in elevation angle. Because of the rather limited field of view, the measured tracklengths are too short to reliably reconstruct the shower trajectory from the time-vs-¥ data. Because the geometry fit extracts three parameters: the angle ¥ of the shower with respect to the ground, the impact parameter § # of the shower to the telescope, and the time of the shower (see figure 2 ), the track in the camera must be long enough to be able to extract at least the zero-th, first, and second derivatives of the time-vs-¥ curve in order to reconstruct the trajectory. Since
is typically very small, it is difficult to measure this parameter in short tracks and the large resulting uncertainty in the shower geometry gives large uncertainties in the mapping of ¥ to
Instead, the HiRes1 data is analyzed using a profile-constrained-fit (PCF) in which the longitudinal profile and the shower geometry are simultaneously reconstructed [4] . In this fit, the parameter ¢ is fixed to be 0 to reflect the fact that hadronic showers start near the edge of the of an exotic shower is deeper than this allowed range, then the geometry of the shower will be misreconstructed, and either the event will fail to pass some other event selection cut, or the event will make it into the spectrum analysis sample but with an incorrect energy. To illustrate the possible effect, we take as an example a simulated deep shower which is viewed as a short track in HiRes1. In figure 3 , we show the reconstructed longitudinal profile for two fixed values of the shower angle ¥ , each of which is consistent with the timing data. The timing errors are modelled as 10 of the PMT traversal time, as suggested in [35] . In the first case, the shower is assumed to be more inclined towards the telescope, and the shower profile is truncated at 1300 g/cm ¡ as it disappears below the field of view of the telescope. In the second case, the shower is assumed to be more vertical, and the remapping of viewing angle ¥ to depth ¢ causes the whole profile shift to smaller depth. In either case, the shape of the profile looks reasonable, and the pixel timing data is consistent with the hypothesis. This example shows that at least in some cases, monocular fluorescence data can be consistent with either a deep or shallow shower interpretation, and the HiRes PCF reconstruction would be biased towards the possibly incorrect shallow shower interpretation.
An identical analysis is performed in the report of the 320 EeV Fly's Eye event [36] , the highest energy event ever recorded. In Fly's Eye, as well as in HiRes1, the signal integration electronics the HiRes Gaisser-Hillas fit or by the event selection cuts. In either case, unless the energies are greatly overestimated, it is unlikely that such exotic events would be obviously visible above the flux of ordinary non-exotic cosmic rays. Further analysis would require a more detailed simulation of the HiRes1 detector which is beyond the scope of this work. It is worth mentioning however that in the preliminary report [38] , the estimated uncertainty to be rejected at the event selection stage. Similar remarks apply to the HiRes Stereo dataset [40] .
Low statistics combined with the possible fitting bias make it seem likely that exotic events may have eluded detection, even in these higher quality datasets.
EXOTIC PARTICLES AS VIEWED BY AUGER
The Pierre Auger Observatory [41] consists of both a surface detector array and multiple fluo- parameter and the calorimetric fluorescence energy [43] . This energy formula derived from the hybrid data is then applied to the entire Auger surface detector data set to obtain an energy spectrum with higher statistics. The hybrid calibration should give a reliable energy measurement for typical cosmic rays, since the calibration reflects the average behavior of cosmic ray air showers seen in the hybrid dataset. In this data-driven approach, the cosmic rays are not assumed a priori to be protons or nuclei. However, there is an implicit assumption that all high energy cosmic rays produce air showers with similar characteristics which are well-described by their average behavior.
In principle, deeply penetrating showers would lie well away from the fitted calibration curve because while the fluorescence measurements would remain calorimetric, the ground flux would be greatly enhanced. However, if the fraction of exotic events is small, for example of order ten This can be compared with the much larger overestimation of AGASA energies in the example above which derived from considering only the EM component of the flux.
The above argument implicitly assumes that the deeply penetrating exotic particle produces a shower with similar characteristics as ordinary showers, the only exception being that ¢ © £¥ § is very large. We expect that hadronic showers induced by particles scattering off nuclei would exhibit similar generic characteristics regardless of the incoming particle species. There may be an additional bias from fixing the shower attenuation parameter
even assuming that the exotic profile shape can be well-described by a Gaisser-Hillas function.
In this paper, we have implicitly assumed that after the first few interactions, all showers develop in the same way and thus yield the approximately same longitudinal profile shape. However, simulations of showers initiated by exotic heavy hadrons [23] [24] indicate a tendency to broaden the longitudinal profile due to a lower energy transfer per interaction. In future studies, the profile shape requirements may be relaxed to perform a more general search.
Specific searches for exotic events have thus far been confined to searches for high energy gammas as predicted by top-down production models. These searches are tuned using guidance from photon-shower simulations in order to maximize their acceptance for photons, and to reduce systematic bias. Furthermore, the null results are interpreted within the context of the shower simulations, which may have large systematic uncertainties.
The AGASA super-GZK signal may be our first indication of new physics in high energy cosmic rays, and the AGASA-HiRes discrepancy may indeed give us some hints on how to identify the new underlying physical processes. We propose to perform model-independent searches for deep showers which may be a signal for new kinds of exotic particles. In the case of AGASA, an analysis of the shower front curvature may reveal some outlying events which are positioned close to the ground. In the case of HiRes1, it is probably difficult to infer any additional information from the data, given that the geometries cannot be independently measured from the pixel timing.
In the cases of HiRes2, HiRes Stereo, and Auger, where the shower geometry is measured better, it appears to be a simple matter to free the parameter ¢ in the Gaisser-Hillas fits in order to avoid rejecting showers whose profiles are deeper than expected. The event selection criteria must also be carefully studied to remove any bias which may be present. The preliminary study of the acceptance of fluorescence and surface detectors reported here can be refined with more detailed simulations. The main difficulty is to be able to differentiate between exotic deep showers and ordinary deep showers in the exponential tail of the ¢ £¥ § distribution resulting from "punchthrough" of ordinary cosmic ray primaries. Given enough statistics, a careful analysis of the tail events may reveal deviations from a pure exponential distribution. The Auger observatory is producing a high rate of events with well-measured hybrid geometries and longitudinal profiles.
We are optimistic that the deep shower hypothesis can be tested fairly quickly, perhaps even with existing datasets. 
